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Abstract 
Sca nning e lec tron microscope (SEM) morph olog ica l analys is 
co mbin ed with energy d ispersive charac te ristic x-ray analys is 
provides insight into the mechanism of biolog ica l mineralization . 
A time series of tissue microgra phs and mineralization meas ure-
ments can permit the dete rmin ation of the minera lization kinetic 
behavior and is the bas is upon which a co mput er mo del has 
bee n devised . Th e comput er mod el is co nstru cted from fund a-
menta l prin c iples of crystal nuclea tion and prec ipitation theory. 
Various ge neral form s of the mod el are tes ted again st the labo-
rator y data for goo dn ess- of-fit using the leas t squares method , 
and two models a re found to be acce ptable. Both of the acce p-
tab le models involve inhi b ition of the min era liza tion process 
which has a reac tion order rang ing from one to two . A thir d 
model involving co nsta nt nuc lea tion rate mu st be rej ec ted. 
Hav ing es tabli shed workin g fir st prin c iple models for the 
min era liza tion process , one ca n co mput e a co nstant numb er of 
nuclea tion s ites and a supersatu ration value for ca lc ium in 
various min era lized tissues such as the spongiosa and fibrosa 
of hea rt valve lea flet impl ants. Th ese qu antiti es are deter min ed 
and used in d iscussing a genera l theory for b iomin era lization 
whi ch emph as izes thera peutic co nsidera tions. 
Key words: Biologic a l calcifi cation , minerali zation , biol og ica l 
crystal s, cal c ification , calcium phos phate crystal s, c rysta l for-
mation , cry stal theory , min erali za tion mod el. 
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Introduction 
The purpo se of thi s study is to formul ate an app ropri ate 
math ematical model that expla ins the biolog ica l min era lization 
data prese nted in our ea rlie r paper (Nelson et a l. , 1985) . In 
that work, glutaraldehyde pretrea ted porcine heart valve lea flets 
impl anted in a rat model system and subsequently removed at 
var ious tim es rang ing from I day to 56 days pos t-impl antation 
(Levy et al. , 1983) were exa mined und er sca nnin g e lec tron 
microscopy (SE M) w ith energy d ispers ive x-ray spectrosco py. 
The SEM mor phologica l and semi-quantitative x-ray analyses 
were used to measure the relative amounts of deposited calcium in 
the spongiosa and fibro sa reg ions of the valve tissue system. The 
data from this study are utilized throughout the theoretica l formu-
lation and ana lys is prese nted here. The numb ers for calc ium 
counts are the normalized charac teristic x-ray signal intensities 
and do not equate directly to absolute conce ntrations of the ion . 
We beg in with a rev iew of the data and a discuss ion of the 
ca lcification process based on some relevant work on biolog ica l 
minera lization and then continu e to ded uce the app ropriate data 
fittin g functions. A fter co mp arison of d ifferent cur ve fittin g 
resu lts, some mec hanistic inte rpretat ions of the min era lization 
process will be discussed. 
List of Symbols 
n numb er of ca lcium ions per unit volum e 
n5 satu ration numb er of ca lc ium ions per unit volume 








time varying numb er of ca lcium ions per unit volum e 
numb er of ca lc ium ions per unit volum e at t = 0 when 
c rystalization is initi ated . 
numb er of ca lc ium ions per unit volum e which have 
precipitat ed at time t 
rate of nucleation of ca lcium 
maximum rate of nucl eation of ca lcium 
time vary ing number of nucleation sites per unit volume 
con stant conc entration of nucleation site s due to 
inhibiti on 
ad sorpti on ener gy 
Boltzm ann's constant 
temperatur e in Kelvin 
reaction ord er 
crystal growth rate constant 
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Development of the Model 
The data used in this analysis were obtained from scanning 
electron microscopy characteristic x-ray detection for calcium 
in representative regions of the spongiosa and fibrosa layers in 
porcine heart valve tissue. Several post-implantation time periods 
were sampled to obtain a time varying profile of tissue minerali-
zation. For example, Figure I shows a cut surface of valve tissue 
implanted for 3 days. In contrast, Figure 2 shows another surface 
of a tissue implanted for 7 days where the increased degree of 
mineralization is apparent as small crystalline sites not found 
on the 3-day implant. By 21 days post-implantation, the spongio-
sa has become heavily mineralized (Figure 3) and an x-ray dot 
map for calcium in the same tissue confirms this observation 
(Figure 4). Dot maps for phosphorus have an appearance similar 
to calcium. The x-ray data from the various tissue specimens 
are normalized against a copper standard and tabulated as the 
normalized counts of calcium as a function of post-implantation 
time. Table I shows the Ca counts for time periods of I, 3, 7, 
14, 21, 28, and 56 days. Two data columns are shown, one for 
spongiosa and one for fibrosa, and these data are examined from 
the perspective of crystallization theory. 
The biological mineralization process involves crystallization 
in an ionic solution in the environment of cells and tissue. The 
generation and growth of calcium-phosphate crystals may be 
described in terms of four stages which will be addressed using 
calcium as the example . 
Supersaturation 
The supersaturation of the calcium ion in tissue fluid is a 
necessary condition for its crystallization. For the heart valve 
tissue implants from which the data for this analysis are ob-
tained, the condition of calcium supersaturation is likely to be 
reached within a day following implantation. Let n be the number 
of calcium ions per unit volume , let n5 be the saturation concen-
tration of calcium ions, and let n55 be the supersaturation con-
centration which is always larger than n5 • We will use the word 
concentration to mean number per unit volume. For any point 
in time we can define an instantaneous calcium concentration 
as n(t), and at t=O when crystallization is initiated the calcium 
concentration will be denoted by n0 = n(o). Hence we can 
write n55(t) = n(t) - n5 where the initial supersaturation con-
centration is simply n0 - n5 . 
Nucleation 
Nucleation in crystal growth is the continuous formation and 
dissolution of ionic clusters in equilibrium with other local 
clusters (Zhdanov, 1965). The rate of nucleation J is derived 
generally from the law of mass action (Walton, 1967): 
d 
J = dt N(t) = lmax exp (-~G 0 /k 8 T) (I) 
where N (t) is the instantaneous concentration of nucleation sites 
per unit volume, ~G 0 is the adsorption energy and is defined 
as the difference in free energy for calcium in solution and in 
cluster, lmax is a constant dependent on the specific experi-
mental conditions and represents the maximum nucleation rate 
at zero free energy difference , T is temperature in Kelvin, and 
ks is Boltsmann 's constant. 
In biological mineralization, nucleation probably consists of 
adsorption of calcium on or within a protein substrate as in bone 
growth, for example. Factors which would tend to increase the 
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rate of nucleation are low adsorption energy ~G 0 , strongly ad-
sorbing sites, and good lattice matching between the deposit 
and the substrate. However , the presence of inhibitors may ap-
preciably decrease the rate of nucleation. Although some body 
fluids are saturated with respect to minerals such as calcium-
phosphates and other calcium salts, the uncontrolled separation 
of solid phases is usually inhibited. There is considerable 
evidence from both in-vitro and in-vivo studies that inhibitors 
of crystallization of calcium salts are involved in the process 
of normal and pathological calcification (Nancollas, 1977). Iden-
tifiable inhibitors are, for example, chondroitin sulfate, heparin , 
and certain metal ions of cadmium, magnesium, and zinc (Harris 
et al, 1969). 
Inhibitors may be effective in limiting the concentration of 
nucleation sites; therefore , two cases must be considered: 
(i) For the uncontrolled nucleation case, 
N(t) = Jt 
(ii) For the strongly inhibited case, 
N(t) = N1 
where N1 is a constant concentration of nucleation sites. 
Diffusion 
In the process of crystallization, ions tend to move toward crys-
tal sites by simple diffusion . Since the biomineralization charac-
teristic time is long compared to diffusion times (days compared 
to seconds) the diffusion process is assumed to contribute neg-
ligibly to the time course of crystallization. Thus, the interac-
tion between calcium and the crystal site is assumed to occur 
instantaneously . 
Precipitation 
The process of precipitation (or crystal growth from seed 
crystals) is well established in comparison with the process of 
nucleation (Walton, 1967). The general form of the precipita-
tion equation is, 
..4-n(t) 
dt 
-N(t)k[n(t)-n 5]< (2) 
where n(t) is the instantaneous concentration of calcium in solu-
tion, N(t) is the instantaneous concentration of nucleation sites 
defined in equation (1), k is the crystal growth rate constant which 
depends on local environmental conditions and geometric fac-
tors such as crystal surface area, ns is the saturation concen-
tration of calcium and x is the reaction order which depends 
on the nature of the reactants and the environment. Typically , 
a diffusion controlled reaction would have x=l whereas a reac-
tion controlled by the crystal surface properties would have x=2. 
For the present study some of these factors can be specified 
or simplified. In particular , if the final size of a mineral crystal 
does not differ appreciably from the initial size, then the rate 
constant k is independent of geometric factors. Also , since there 
is no definitive data to establish the value of the reaction order 
x for calcium-phosphate mineralization , it is reasonable to 
assume simple situations such as x = I and x = 2, and it is 
frequently shown in other crystallizing systems that x = 2 
(Walton, 1967). 
These arguments are the basis for postulating three formula-
tions of the biomineralization process: namely the heavily in-
hibited case with x = I, the uncontrolled growth case with x 
= I, and the heavily inhibited case with x = 2. 
Biological Calcification Theory 
CASE 1: Crysta l grow th is heavily inhibited; reaction order 
is one. 
N(t) = N1 and x = I. 
From equa tion (2) we can write , 
iL n(t) = -N 1k[n(t)- n5). 
dt 
Solving this eq uation and appl y ing boundary cond itions we 
obtain , 
Therefore , the co nce ntration of pr ec ipitated calcium is, 
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Fig. I. Micrograph of porcine valve prepared 3 days post-
implantation. There is little evidence of crystal formation 
at this early time. Bar = 50 µm. 
Fig. 2. Micrograph of porcine valve prepared 7 days post-
implantation. The bright patches are regions of calcium-
phosphate crystallization. Bar = 50 µm. 
Fig. 3. Micrograph of porcine valve prepared 21 days post-
implantation. The bright band nearly 40 µm in width is the 
highly mineralized spongiosa tissue. Bar = 50 µm. 
Fig. 4. Energy dispersive x-ray dot map for calcium in the 
same porcine valve interface shown in Figure 3. Again, the 
spongiosa tissue shows heavy mineralization. Bar = 50 µm. 
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CASE 2: Crystal growth is uninhibited with a constant nuclea-
tion rate; reaction order is one. 
N(t) = Jt and x = I. 
From equation (2) we can write, 
d 
dt n(t) = -Jtk[n(t)-n 5]. 
Solving this equation and applying boundary conditions, we 
obtain, 
n(t) = n5 + (n0 -n 5)exp(-Jkt 2/2). 
Therefore, the concentration of precipitated calcium is, 
CASE 3: Crystal growth is heavily inhibited; reaction order 
is two. 
N(t) = N1 and x = 2. 
From equation (2) we can write, 
A_ n(t) = -N1k[n(t)-n 5]2. 
dt 
Solving this equation and applying boundary conditions we 
obtain, 
Therefore, the concentration of precipitated calcium is, 
(5) 
The three cases described above are formulated in equations 
(3), (4), and (5), and these are the equations which are to be 
compared with the experimental data to determine goodness-
of-fit using the least squares method. 
Curve Fitting Results 
The three formulations are taken as model functions to per-
form least squares fitting to search for those coefficients which 
minimize the root-mean-square deviations from the experimental 
data . Linearized fitting functions are employed with the utiliza-
tion of both grid search and gradient search methods (Beving-
ton, 1969). The fitting functions are, 
For Case I: let F 1 = A 1 [I - exp (-t /A2)] (6) 
with A, = n0 -n 5 and A2 = I/Nik from equation (3) . 
For Case 2: let F2 = A 1 [I - exp(-t 2/A2)] (7) 
with A, = n0 -n 5 and A2 = 2/Jk from equation (4). 
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For Case 3: let F3 = A 1 (8) 
l+tA1 /A2 
with A1 = n0 -n 5 and A2 = I/Nik from equation (5) 
The computer printout results of plotting and fitting are shown 
in Figure 5 which compares fitting functions F 1, F2 and F3 to 
the actual data from Table I. From these results it is seen that 
FI provides the best fit while F3 fits nearly as well. F2 fits poor-
ly and is an unacceptable model especially in light of the likeli-
hood that the crystallization process is an inhibited one. Thus 
we can reject the Case 2 model, equation (4). The models repre-
sented by Case I and Case 3 with equations (3) and (5) are ac-
ceptable and indicate that the crystallization process is indeed 
an inhibited reaction with reaction order of one or two or a com-
bination of both . 
Using the Case I fitting and the Case 3 fitting to determine 
optimal values for A 1 and A2 it is found that, 
Case 1 Case 3 
For spongiosa tissue, For spongiosa tissue , 
A1 = n0 - ns = 1.6 A1 = 2.1 
A2 = l/N1k = 8 days A2 = 20 days 
For fibrosa tissue, For fibrosa tissue, 
A1 = 1.0 A 1 = 1.3 
A2 = 4.9 days A2 = 8.3 days. 
It should be noted that the experimental data are relative, but 
if a calibration factor could be determined, the absolute con-
centration of calcification can be calculated. The crystal growth 
rate constant k is embedded in A2 and is dependent on specific 
experimental conditions; therefore, A2 can be used only for 
comparing experimental results under similar conditions . If k 
could be determined through some independent experiment, then 
NI could be calculated, and this is desirable since a knowledge 
of the concentration of nucleation sites would elucidate the bio-
physical mechanism of mineralization. Even with these uncer-
tainties , the constants A 1 and A2 have an interpretation: A 1 
represents the final intensity of mineralization; A2 represents 
the characteristic mineralization time in units of days. 
Conclusions 
The experimental data for mineralization of bioprosthetic valve 
implants clearly show consistency with the general behavior of 
crystallization when the process is analyzed as a simple physico-
chemical one. The modelling demonstrates that the process 
proceeds with a constant concentration of nucleation sites in 
the tissue during the course of mineralization, and the process 
is likely to be controlled by inhibitors . The total reaction order 
x is likely to be between one and two. Because the biominerali-
zation process is probably not diffusion limited , we would favor 
Case 3, the model with reaction order x = 2 corresponding to 
the surface limited situation . This is consistent with Walton 
(1967). 
It is important to note that in pathological mineralization, 
therapeutic measures may be undertaken which would tend to 
decrease the total number of nucleation sites in tissue and/or 
slow the process of crystal growth. These changes would be 
reflected in the model parameters N I and k in the A2 coeffi-
cient, while the A I coefficient will probably be unaffected by 
therapeutic measures. Therefore, the Case I and Case 3 models 
may be useful in interpreting the results of future experiments 
concerning the treatment for pathological mineralization in 
human patients. 
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Fig. 5. Plot of the porcine valve Ca counts as a function 
of post-implantation time for spongiosa and fibrosa tissues 
separately. The three fitting functions F 1, F 2 and F 3 have 
been computer fit to the data points showing that FI and 
F3 fit reasonably well. Data points were taken directly from 
Table I. 
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Time Cax10 4 Caxl0 4 
(Days) Spongiosa Fibrosa 
I 0.1 0.01 
3 0.3 0.1 
7 2.4 0.3 
14 4.1 1.0 
2 1 4.5 1.8 
28 4.6 1.8 
56 4.9 2.4 
The data were taken from the paper "Sca nnin g Electron Micro-
scope Study of the Pathophysiology of Calcification in Bio-
prosthetic Heart Valves " (Ne lson et al. , 1985). The val ues fo r 
Ca cou nts are comp uted directly from the character ist ic x-ray 
co unt data which have been normalized against a copper stan-
dard. The numbers are related to actua l concentration but can-
not be equated to it due to geometric and eff icie ncy factor s in 
the data co llec tion method. 
Discussion with Reviewers 
Reviewer 1: There is evidence that porcine heart valve leaflets 
which have not been pretreated with glutara ldehyde do not func-
tion well in vivo, but they do not calcify eit her. What does this 
suggest about the site of ca lei fication? 
Author: Apparently , the reaction of glutarald ehyde with the por -
c ine tissue has the effect of creating sites for ca lcification 
wherever dialdehyde linkages are potentially form ed . It may be 
possible to post -treat the glutara ldehyde fixed tissue with agents 
like SOS that may block or remove the reactive groups . 
Reviewer I: How does this theoretical model for ca lcification 
in bioprosthetic heart valves compare to other forms of physio-
logic and pathologic calcification? Informati on on the change 
with time of calcific crysta l domain size cou ld help distinguish 
between increased calcification caused by crystal growth or that 
caused by crystal nucleation. Would the author commen t on these 
points? 
Author: Since our Ca /P ratios are sim ilar to those for biological 
bone formation , we can infer that the com position of pathologic 
and normal physiologic calcification might be simi lar while 
mechanisms of format ion co uld be quite different. We have 
exami ned the change in c rysta l size wit h time and find that crys-
tal volume increases up to about three weeks while the total 
number of crystals per unit volume decreases. It is possible that 
smaller crysta ls might re-dissolve providing additio nal ca lcium 
to support the co ntinu ed growt h of larger crystals. This pro -
cess could red uce the overall surfa ce energy as ha s been argued 
by Walton (1967). 
B.B. Tomazic: The assumption that the final crys tal size does 
not differ appreciably from the initial size may be an over-
simplificati on, since the rate constant does depend on factors 
such as surfac e area, imp erfecti ons and defects. 
A .C. Ne lson 
Author: Whil e thi s statement is quit e tru e, we do not have 
enough dat a on the phys ica l charac teristics of these bio log ica l 
crys ta ls to permit a less gene rali zed analys is. However , if we 
appl y thi s ass umpti on only to matur e c rysta l systems, then the 
validit y of the mode l ca n be sub stantiated as is di scussed in the 
text. 
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